Introduction
Biological control agents are usually identified by their carnivorous lifestyle. However, the majority of predators and parasitoids are actually 'omnivores' as they also commonly feed on plant-derived foods. Exploitation of sugar sources or pollen is widespread among predaceous organisms from a broad range of orders including Hymenoptera, Diptera, Coleoptera, Heteroptera, Thysanoptera, Neuroptera, Lepidoptera, as well as from the arachnid orders Araneae and Acari (Table 1) .
Non-prey feeding can have a dramatic impact on the activity, longevity and lifetime fecundity of predators and parasitoids. Thus, the availability of non-prey food can be crucial to their efficacy in biological pest control (van Rijn and Tanigoshi, 1999b; Winkler et al., 2006) . Depending on the life history stages that feed on prey and/or plantderived food, we can distinguish between true omnivory (temporal or permanent) and life-history omnivory (for examples see Wäckers and van Rijn (2005) ). This is important because the type of omnivory determines the potential impact of plant-derived food on carnivore-herbivore interactions. In the case of life-history omnivores, such as hoverflies and many parasitoids, the adult stage strictly depends on sugar or pollen resources. As a consequence, the availability of suitable plant-derived foods typically has an especially strong impact on survival and reproductive capacity of the adults (van Rijn et al., 2006; Winkler et al., 2006) . In the case of temporal omnivores or permanent omnivores (including predatory mites and ladybirds), the effects of nectar, honeydew or pollen feeding are often more intricate, given that these true omnivores can (to greater or lesser extents) substitute prey with sugar/pollen feeding. Whereas the latter typically increases fitness, it may nevertheless occur at the expense of the per capita prey consumption (Eubanks and Styrsky, 2005) . In spite of this, there is theoretical and experimental evidence that sugar and pollen supplements can have an important impact on carnivore-herbivore dynamics in true omnivores as well (Eubanks and Styrsky, 2005 ; van Rijn et al., 2002) .
Many predators and parasitoids rely primarily or exclusively on carbohydrates as a source of energy to fuel physical activity and metabolic upkeep. The fact that energy from carbohydrates can be rapidly mobilized makes sugars especially suitable to supply the surge in energy required during flight (Hoferer et al., 2000) . This explains why those arthropods that show high frequency wing muscle contractions such as Hymenoptera and Diptera (Smyth, 1985) primarily oxidize carbohydrates in their wing muscles.
To meet their carbohydrate requirements, predators and parasitoids may exploit a broad range of plant substrates, including floral and extrafloral nectar, fruits, plant sap exudates, as well as foods indirectly derived from plants, such as honeydew, the sugar-rich excretion product of phloem Smith and Mommsen (1984) ; Taylor and Foster (1996) Acari: Mesostigmata Phytoseiidae (predatory mites)
Adult and juvenile Nectar van Rijn and Tanigoshi (1999a) Pollen van Rijn and Tanigoshi (1999b) feeding arthropods (Wäckers, 2005) . The potential contribution of a given carbohydrate source to the diet of predators and parasitoids depends on its availability, apparency, accessibility, nutritional composition and the foraging risks associated with its exploitation (Wäckers, 2005) . In terms of availability, honeydew is likely the primary exogenous carbohydrate source in many ecosystems (Kloft et al., 1985) . This applies in particular to agricultural ecosystems, where nectar sources are often scarce (Wäckers, 2005) . Honeydew may be available from honeydew producers associated with the crop itself, with weeds growing within the crop, or with vegetation in surrounding noncrop elements. However, in comparison to nectar honeydew is often an inferior food source. Not only is honeydew less apparent when compared to the lavishly advertised floral nectar (Stapel et al., 1997; Wäckers and Swaans, 1993) , it is often highly viscous, making it difficult to access, and its particular chemical composition often limits its nutritional suitability (Wäckers, 2005) . Low nutritional suitability can be based on plant-derived compounds (both primary and secondary metabolites) as well as on aphid synthesized compounds (Wäckers, 2000; Wink and Rö mer, 1986) . In contrast to floral nectar, extrafloral nectar, fruits, or fungal sugar excretions, which all have evolved to recruit sugar-feeding organisms, honeydew is primarily a waste product allowing phloem feeders to dispose of excess carbohydrates in their diet (Wilkinson et al., 1997) . Consequently, there is usually little benefit to the honeydew producer in making this sugar secretion apparent or palatable. To the contrary, as any nutritional or informational benefit to predators or parasitoids can have a negative impact on the honeydew producing colony, phloem feeders are likely be subject to a strong selection pressure to minimize honeydew apparency (Wäckers and Swaans, 1993) , as well as quality and quantity excreted (Wäckers, 2000) .
Here we compiled data from studies which compared honeydew to other sugar sources with regard to their impact on parasitoid longevity. On the basis of this dataset we tested the hypothesis that honeydew is a relatively unsuitable sugar source. In addition we tested whether parasitoids of honeydew-producing insects show particular adaptations allowing them to optimize the exploitation of this suboptimal food source.
Feeding adaptations
The suitability of a particular food source is not only a function of food source characteristics but also depends on how well consumers are attuned to its exploitation. Insects possess sensory, behavioral, morphological and physiological adaptations that enhance their ability to locate, detect and digest specific food sources. They are expected to primarily evolve adaptations to those food sources that reliably occur within their habitat. For parasitoids, which have to balance food search with the search for hosts, the exploitation of food resources likely depends on the temporal and spatial association between hosts and adult food resources (Bernstein and Jervis, 2008; Downes and Dahlem, 1987; Sirot and Bernstein, 1996) .
Parasitoids and predators can be categorized into two distinct groups according to the association between their prey and carbohydrate sources. On the one hand, there are those species whose prey is not reliably associated with a suitable carbohydrate source. These species have to alternate their search for prey with bouts of foraging for carbohydrates, which require a clear task differentiation. Parasitoids from this group often show specific adaptations to the exploitation of both host and nectar resources (see below).
The second group includes those parasitoids and predators whose prey is closely linked to carbohydrate-rich food sources. This applies to species whose prey excretes sugars, e.g. honeydew, or where prey occurs on sugar-rich substrates like fruits or nectar-bearing plant structures. For them, locating prey and carbohydrates may represent a single task. By feeding on food sources that are directly associated with prey or prey patches, their search task is simplified and they save time and energy while reducing mortality risks.
Parasitoids of honeydew-secreting hosts are a prominent example of the latter category. In the case of these parasitoids, finding hosts usually ensures a cornucopia in terms of food availability. While we may hypothesize that parasitoids of honeydew producers show few adaptations to the exploitation of additional carbohydrate sources and little or no task differentiation between food foraging and host search, they may have evolved specific adaptations to optimize the exploitation of honeydew as a food source as well.
Adaptations to nectar feeding
The mutualism between flowers and particular pollinators has resulted in the evolution of clearly distinguishable pollination syndromes that often feature intricate adaptations both from the side of plants as well as the pollinator (Fenster et al., 2004) . However, also insects that contribute little or nothing to pollination may have evolved a range of adaptations to better exploit floral nectar and other resources.
Parasitoids whose hosts are not associated with adult food are equipped with a number of sensorial and behavioral mechanisms that enable them to deal with the dual task of host seeking and foraging for adult food. They possess separate categories of innate sensory responses, which are expressed relative to their physiological needs (Siekmann et al., 2004; Wäckers, 1994) . Food-deprived parasitoids typically express innate responses to stimuli associated with food, such as floral odors or colors. Following feeding, parasitoids lose interest in these food stimuli and start responding to host associated cues (Wäckers, 1994) . In addition, parasitoids exhibit a distinct complex of task-specific innate behaviors relating to host finding and food foraging (Olson et al., 2003; Wäckers et al., 2002) . Associative learning of host-and food-associated information is also organized according to the parasitoid's physiological state. (Takasu and Lewis, 1993) .
Parasitoids also show morphological adaptations to nectar feeding. Among various taxa specialized elongated mouthparts have evolved that allow parasitoids to extract nectar from long or deep tubular flower corollas (Jervis, 1998) . However, the great majority of parasitoids have short mouthparts that are relatively unsuited to reach concealed floral nectaries. This restricts their feeding to exposed floral nectar from unspecialized flowers or other easily accessible sugar solutions such as honeydew or extrafloral nectar. Some parasitoids are small enough to climb into deep corollas to imbibe nectar (Baggen et al., 1999) , and at least one parasitoid, Diadegma insulare (Cresson), is able to 'rob' floral nectar by chewing or sucking at the base of floral nectaries (Idris and Grafius, 1995) .
To successfully utilize food sources, organisms must not only be able to recognize and accept food (ingestion), but their digestive system has to be able to metabolize the consumed compounds. Most nectar is primarily composed of sucrose and its hexose components glucose and fructose (Percival, 1961) . Parasitoid gustatory receptors and digestive systems are well tailored to the recognition and metabolism of these principal nectar sugars, thus allowing the full exploitation of these food sources (Beach et al., 2003; Wäc-kers, 1999; Wäckers, 2001) .
The recently described phenomenon that some parasitoids synthesize oligosaccharides when fed with nectar or a highly concentrated sucrose solution may represent a further physiological adaptation to sugar feeding . In analogy to oligosaccharide synthesis in phloem-feeders (Wilkinson et al., 1997) , this metabolism may serve an osmo-regulatory function, allowing parasitoids to alleviate osmotic stress associated with the highsucrose content of ingested nectar.
Adaptations to honeydew feeding by parasitoids
Given the fact that honeydew is often the predominant source of exogenous sugars, one can expect that sugar feeding arthropods may have evolved adaptations to optimize the exploitation of this often copious resource. The short labrum found in most parasitoids is well-suited to imbibe highly concentrated sugar solutions, including honeydew, which is typically present as small viscous droplets or as a thin film. In addition, feeding on honeydew can also be impeded by the tendency of some honeydew sugars to rapidly crystallize. At least some parasitoids can overcome this problem as they appear to be able to utilize crystalline sugar (Bartlett, 1962; Wäckers, 2000) . Presumably they use excreted saliva to dissolve the sugar crystals, as has been previously shown in examples among Lepidoptera, and Diptera (Stoffolano, 1995) .
Aside from exploiting honeydew as an adult food source, aphid predators and parasitoids can also use honeydew as a host-location kairomone and an oviposition stimulus (Bargen et al., 1998; Hagvar and Hofsvang, 1991) . Mandour et al. (2005) showed that the whitefly parasitoid Eretmocerus sp. nr. furuhashii (Aphelinidae: Hymenoptera) is arrested in patches treated with glucose, fructose, trehalulose and trehalose. The response to trehalulose, a sugar specific to whitefly honeydew, was the highest followed by trehalose, another host-synthesized sugar. In contrast, sucrose and low concentrations of melezitose did not arrest the parasitoid. The particularly strong arrestment response of Eretmocerus to the whitefly-synthesized sugars trehalulose and trehalose, and the fact that the parasitoids used were food satiated, indicates that this parasitoid uses these sugars as a host-searching cue (kairomone).
We hypothesize that parasitoids of honeydew-producing insects will also show particular physiological adaptations allowing them to optimize the dietary exploitation of this often nutritionally inferior food source. As a preliminary evaluation of this hypothesis, we compared the effect of honeydew and other sugar sources (such as honey, sucrose solutions and floral nectar) on longevity in parasitoids that do and do not attack honeydew-producing hosts. The results of this survey are shown in Table 2 and Fig. 1 . We found data on 11 parasitoid species of hosts that do not produce honeydew, feeding on honeydew from a total of 13 phloem-feeder species. In the contrast group, we found data on five parasitoid species of honeydew producing hosts, feeding on honeydew from a total of ten phloem feeders ( Table 2) .
As a preliminary test of the hypothesis that parasitoids of honeydew producers show adaptations to optimize the exploitation of this suboptimal food source, we compared the ratio of longevities from honeydew to non-honeydew sugar sources for parasitoids that do and do not attack honeydew-producing hosts. Although the overall ratio was greater for parasitoids of honeydew-producing hosts than for parasitoids of host that do not produce honeydew (3.04 and 1.88, respectively), these differences were not significant using Wilcoxon's rank sums tests (P > 0.1 for tests including all data sets or ones pooled by parasitoid species when honeydew from more than one herbivore species was used). Thus, our data are not consistent with the hypothesis that parasitoids of honeydew-producing hosts are better able to utilize honeydew than are parasitoids of hosts that do not produce honeydew. A more thorough evaluation of this hypothesis will have to await more data sets like the ones reviewed in Table 1 so that a phylogenetically-corrected analysis testing for independent contrasts can be conducted. The hypothesis could also be directly addressed for pairs of parasitoid species in a multifactorial study comparing parasitoids of honeydew producing hosts and those attacking hosts not associated with honeydew on a standardized set of honeydew and control food sources.
The survey did support the general hypothesis that honeydew is inferior to other sugar sources, but with caveats. For 15 of the 17 parasitoid/honeydew combinations from parasitoids attacking hosts that do not produce honeydew, longevity was greater on the non-honeydew sugar source, in 10 cases more than twice as long on the non-honeydew sugar (Table 2 and Fig. 1 ). To this list can also be added the chrysomelid egg parasitoid Edovum puttleri Grissell, for which complete longevity data are not available, but for which survival rates are higher on honey than on honeydew (Idoine and Ferro, 1988) . However, for two species, honeydew was not an inferior food source from the perspective of enhancing longevity. Longevity of both Bathyplectes curculionis (Thomson) (a parasitoid of weevil larvae) and Trichogramma ostriniae (Peng & Chen) (a parasitoid of lepidopteran eggs) fed honeydew was virtually identical to that on sucrose and honey, respectively (Table  2) . This underlines the variation in honeydew suitability and should caution against a generalization that honeydew is a universally inferior sugar source.
The studies cited in Table 2 support the hypothesis that the source of honeydew has a strong influence on its nutritional quality for parasitoids. The same parasitoid was tested on honeydew from more than one hemipteran species in three of the published studies. Leius (1961b) compared the effect of honeydews of two aphid species, Myzocallis alhambra Davidson and Aphis nasturtii Kaltenbach, on Scambus boulianae (Htg), an ichneumonid parasitoid of lepidopteran larvae. He found that the honeydew produced by M. alhambra increased the lifespan If multiple non-honeydew sugar sources were tested, mean lifespan over the different sugars is reported. Only data for females is reported. a In days. Median longevity used when possible (Binodoxys communis, Aphytis coheni) otherwise mean. b Fagopyrum esculentum. c Blossom of two flower species were offered as well, but it is not clear whether nectar-feeding took place, so data from the blossom treatments were not included in the mean.
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of S. boulianae by seven more days than did the honeydew of A. nasturtii (Table 2) . Even more striking differences were uncovered by Avidov et al. (1970) , who compared the longevity of the armored scale parasitoid Aphytis coheni DeBach on a number of sugar sources, including honeydew from four species of hemipterans, two soft-scale insects, one aphid and one mealybug. Honeydew of the mealybug, Pseudococci citriculus Green, was the most effective at increasing longevity, while honeydew of the black citrus aphid, Toxoptera aurantii (Boyer de Fonscolombe), yielded longevity below that of water, suggesting that it contained toxins (Avidov et al., 1970) . In contrast, longevities of the aphid parasitoid Aphidius ervi Haliday on honeydews of three aphid species did not differ much (Hogervorst et al., 2007b) .
Sugar use in the field
Whereas there are ample laboratory data showing how feeding on nectar and honeydew affects lifetable parameters of predators and parasitoids, we know little about food source use and the impact of feeding under field conditions. It is often difficult to single out nutritional benefits in actual field studies. For instance, enhanced parasitism along a (flowering) field margin may be seen as indirect evidence that parasitoids obtain a longevity and/or fecundity bonus from food consumption. However, a range of other mechanisms may result in the aggregation of arthropods around nectar-or honeydew-providing plants as well. For one, flowering vegetation may simply attract food seeking parasitoids from the field centre to the border rows, without necessarily providing suitable food. Furthermore, predators or parasitoids may be arrested following feeding, or change to a more area restricted search pattern. Spatial learning may further enhance aggregation, as it enables parasitoids or predators to return to rewarding food sites. Finally, aggregation around food sites can also be enhanced when arthropods use their foraging sites for additional functions such as roosting or mating. To sidestep these confounding effects and to directly address the impact of sugar feeding on energy reserves, we developed a method using HPLC analysis to study the overall sugar level and sugar spectrum of individual field-collected insects Steppuhn and Wäckers, 2004; Wäckers and Steppuhn, 2003) . Using this method we have been able to demonstrate that in agricultural systems lacking suitable food sources, natural enemies can be severely fooddeprived, with a high proportion of individuals failing to feed and average carbohydrate levels not exceeding unfed individuals (Olson and Wäckers, 2007) . On the other hand, it has been demonstrated that parasitoids collected adjacent to suitable field margins Olson and Wäckers, 2007; Wäckers and Steppuhn, 2003) or within the margins itself (Lee and Heimpel, 2003) show raised carbohydrate reserves.
Other studies found a relatively high incidence of sugar feeding in parasitoids collected from nectar-poor fields and concluded that parasitoids must have exploited alternative sugar sources, most likely honeydew (Casas et al., 2003; Lee and Heimpel, 2003; Lee et al., 2006) . Although honeydew may be an important food source for biological control agents in agro-ecosystems, we still have limited quantitative data on the use of honeydew by parasitoids and predators. Based on the detection of specific aphidLongevity on non-honeydew sugar source/ Longevity on honeydew 1 3 5 7 9
Parasitoid Species Host does not produce honeydew Host produces honeydew Fig. 1 . The ratio of longevities on sugar sources other than honeydew over longevity on honeydew for parasitoids that attack hosts that produce honeydew or not. The vertical dotted line indicates the ratio at which longevity on honeydew equals longevity on the non-honeydew sugar source; values to the right of the line indicate that longevity is greater on the non-honeydew sugar source. Parasitoid species followed by numbers were fed honeydews from different host species as follows. Aphidius colemani ( synthesized sugars in field collected parasitoids Wäckers and Steppuhn (2003) demonstrated that 80% of Cotesia glomerata (L.) and 55% of Microplitis mediator (Haliday) (Hymenoptera: Braconidae) collected in a cabbage field had indeed recently consumed honeydew. Using a modified method to account for the fact that Aphidius spp. synthesize oligosaccharides, Hogervorst et al., 2007a) demonstrated that at least 63% of Aphidius spp. with raised sugar levels had been feeding on honeydew. This shows that honeydew can be an important food source in absence of nectar sources. However, the propensity to actually engage in honeydew feeding may be determined by nectar availability. When comparing Microplitis croceipes (Cresson) collected from fields with and without nectar sources, only individuals from fields lacking nectar contained honeydew-specific sugars (Williams and Wäckers, unpublished) . Whether aphidophagous parasitoids and predators are more inclined to exploit honeydew over nectar in comparison to predators and parasitoids of non-honeydew producers remains to be demonstrated.
Sugar use and biological control
Given the profound impact of sugar feeding on parasitoid life-span and reproduction, a clear impact on population dynamics can be expected. First of all, when no adequate sugar sources are available, the net reproductive success will often be too low to maintain a local population, even when hosts are abundant .
When suitable food sources are available, the enhanced parasitoid fitness or population size will likely translate into higher parasitism rates and reduced host populations. The strongest host level reduction is to be expected when both searching rate and reproductive life-span is enhanced by nectar feeding (van Rijn and Sabelis, 2005) . The extensive review by Heimpel and Jervis (2005) gives an overview over the experimental evidence for the impact of floral nectar on biological control. In a recent study, Lee and Heimpel (2008) have shown that sugar-fed Diadegma insulare have increased life-span and daily fecundity in the field, but paradoxically, this did not lead to higher parasitism levels of their host, the diamondback moth.
In perennial systems, basic ecological models predict that reduced host levels will ultimately feed-back to the parasitoid level, which means that, when the host-parasitoid system approaches a new equilibrium, the parasitism rate will no longer be elevated with higher sugar levels (van Rijn and Sabelis, 2005) . Models that include more complex behavior such as density-dependent prey defense or predator avoidance (Vos et al., 2004) do predict an effect on equilibrium parasitism rate in perennial systems as well.
Most studies on the impact of sugars have manipulated nectar levels. In some of these studies honeydew availability may have obscured the population effects (Heimpel and Jervis, 2005; Lee and Heimpel, 2005; Wäckers and Steppuhn, 2003) . Few studies have directly addressed the impact of honeydew levels on biological control. Hagen (1986) realized the potential of honeydew to raise biological control efficacy, and advocated the use of artificial food supplements. Faria et al. (2007) showed that variation in levels of Rhopalosiphum maidis (Fitch) infestation between maize cultivars had a direct impact on the parasitization of Spodoptera littoralis (Boisduval) by Cotesia marginiventris (Cresson). Van Rijn, Mulder, Winkler and Wäckers (unpublished) showed in large cage studies that parasitism of Plutella xylostella (L.) by Diadegma semiclausum (Hellen) increases strongly when cabbage aphids are present in the crop.
Feeding on honeydew rather than nectar may also affect the dynamical properties of the parasitoid-host system. Population densities of parasitoids that mainly feed on honeydew of their sap-feeding hosts are likely to be strongly correlated with host densities, both in space and in time. A reduction in host density (e.g., due to top-down control by the parasitoid) will also reduce their sugar source, with apparent consequences for adult survival. Such double dependency of the parasitoids on their hosts will possibly aggravate oscillations, or (in more stable systems) increase host equilibrium densities, relative to parasitoids that have other, independent sugar sources available.
